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(54) METHOD OF SPECTROCHEMICAL ANALYSIS OF IMPURITY IN GAS 



(57) The present invention provides an absorption 
spectrographic analysts method which uses frequency 
modulated semiconductor laser light. In this method an 
absorption spectrum is measured by setting a current 
value B at which saturation of variation in laser emitting 
power which accompanies increases in injection current 
for a semiconductor laser as a lower limit current value 
for the injection current to the semiconductor laser-emit- 
ting element; setting a current value C at which variation 
in wavelength transition which accompanies increases 
in injection current initially becomes minimal as an 
upper limit current value for the injection current to the 
semiconductor laser-emitting element; and using laser 
light which oscillates at an injection current region 
between this lower limit current value and this upper 
limit current value as the semiconductor laser light. 
According to the method of the present invention, it is 
possible to measure minute amounts of impurities con- 
tained in gases with high sensitivity and accuracy 



FIG. 10 



PVWV ' PSWV 



PSWS 




CURREMT 



INCREASING 



Printed by Xerox (UK) Business Services 
2.16.7/3.6 



BNSDOCia <EP 097702SA1J_> 



4 



1 



EP 0 977 028 A1 



2 



Description 

Background of the Invention 
Field of the Invention 

[0001] The present Invention relates to a method for 
analyzing trace amounts of impurities in gases with high 
sensitivity and high accuracy and, in particular, relates 
to a method for analyzing impurities in gases in which 
tunable diode laser light is used and the adsorption sig- 
nal intensity thereof is measured. 

Description of the Related Art 

[0002] As a method for analyzing trace amounts of 
impurities in gases, an analysis method in which semi- 
conductor laser light is used in the light source and the 
absorption signal strength thereof is measured has 
been used because of its suitability from the point of 
view of measurement accuracy and sensitivity. 
[0003] This method is carried out using the semicon- 
ductor laser spectrograph ic analysis device shown in 
Figure 9. In more detail. Figure 9 is a line diagram show- 
ing an example of a semiconductor laser spectrographic 
analysis device, the laser light (Lq) emitted by the semi- 
conductor laser-emitting element (light source) is colli- 
mated by the collimator 12 and projected into the 
sample cell 13. Then, the strength of the transmitted 
light (Li) which has passed through and out of the sam- 
ple cell 13 is measured by a photodetector 14 compris- 
ing a sensor such as a Ge photodiode. for example. The 
output resulting therefrom is input into a lock-in amplifier 

15 and is amplified, then It passes through AD converter 

16 which converts this output signal to a digital signal 
which is input into computer 17. Next, by means of the 
above-mentioned computer 17, the absorption spec- 
trum is calculated using the data stored and accumu- 
lated in that computer 1 7. In addition, the results thereof 
can be presented as an image on the screen of display 
17a, a chart thereof can be stored on a storage 
medium, or the like, and the data can be read out and 
recovered using a suitable means. 

[0004] In addition, the above-mentioned sample cell 
13 is equipped with a sample introduction system 18 
comprising an evacuation means for evacuating the 
inside of the cell 13 and a sample introduction means 
for introducing a sample at an appropriate pressure and 
flow rate. 

[0005] In addition, as the above-mentioned semicon- 
ductor laser-emitting element, InGaAsP, InGaAs, Galn- 
AsSb, GalnSbP, AllnSb. AllnAs. AIGaSb and the like 
can be suitably used, however, it is not limited to these, 
and other semiconductor lasers can be suitably 
selected and used in order to select the best wavelength 
for the analysis. 

[0006] In addition, at the time of measurement, the 
temperature of the laser element of the semiconductor 



laser is suitably adjusted by means of a temperature 
controller 19a which is installed on the laser driver 19, 
and. after an oscillation wavelength region suitable for 
use is obtained, that temperature is maintained at a 

5 constant level, the injection current is varied by means 
of an oscillating power source 19b which is installed on 
the laser driver 19. and a wavelength region suitable for 
absorption is appropriately selected. The wavelength is 
driven and varied (scanned) at fixed intervals, and oscil- 

10 lation obtained, thereby, the transmission light (Lt) 
which passes through the sample cell 13 is measured 
and measurement of the absorption spectrum is carried 
out. From this absorption spectrum, the absorption sig- 
nal strength can be determined, and from the absorp- 

75 tion signal strength, the amount of Impurities contained 
in the gas can be determined. In addition, since the 
laser driver 19 is used connected to the above-men- 
tioned computer, driving (scanning of the wavelength) of 
the injection current and the desired oscillation wave- 

20 length region can be appropriately carried out. appropri- 
ately synchronized with the measured results, and 
appropriate data can be obtained. 
[0007] With regard to this spectrographic analysis 
method, the inventors of the present invention have pre- 

25 viously filed an application for an invention related to a 
method for analysis and measurement of impurities in a 
gas using a wavelength variable laser having an 
InGaAsP-type semiconductor laser-emitting source 
oscillating in a wavelength region of 1.3 to 1.55 ^m, as 

30 shown in Japanese Unexamined Patent Application. 
First Publication No. Hei 5-99845. 
[0008] With regard to the light source using this sem- 
iconductor laser-emitting element, the oscillation wave- 
length can be caused to continuously vary by means of 

35 varying the injection current or the element tempera- 
ture. In particular, in this analysis method, a method 
referred to as a frequency modulation method is 
adopted for the purpose of increasing measurement 
sensitivity. 

40 [0009] This frequency modulation method is a method 
in which the frequency of the oscillated signal is modu- 
lated as shown by the following formula. 

i = I Q + a • sin CD t 

45 

Wherein. 

i: is the Injection current of the laser; 
Iq: is the direct current component of the oscillation 
50 frequency; 

a: is the modulation amplitude (determined by 
alignment with the spectral bandwidth of the 
adsorption line): 

6>: is the modulation angular frequency; and 
55 a • sin <D t : is the alternating current component. 

[0010] In other words, the direct current component 
[Iq] Is superimposed on the alternate current component 
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[a • sin CO t]and then injected to directly modulate the 
oscillation frequency of the laser. 
[001 1 ] In the application of this frequency modulation 
method, there are methods in which a primary differen- 
tial spectrum is measured by extracting the same com- 
ponent as the modulation frequency, methods in which 
a secondary differential spectrum is measured by 
extracting a double component of the modulation fre- 
quency, and methods in which a bit frequency compo- 
nent is extracted by simultaneously modulating two or 
more frequencies. 

[0012] Specifically, a sine wave of 4 kHz obtained by 
varying the direct current component is introduced into 
the laser diode (LD) driver from a function generator, the 
laser diode is driven by the direct current over which the 
sine wave has been superimposed, and the frequency 
modulated light is made to oscillate. 
[001 3] In this method, when the spectral bandwidth is 
increased, It Is necessary for the modulation amplitude 
(the above-mentioned "a") to also be increased. How- 
ever, when "a** is increased, fluctuation in the output 
power also increases, and this means that noise 
increases. 

[0014] With regard to the semiconductor laser-emit- 
ting elements which are used as this type of light 
source, the present inventors have modeled the varia- 
tion of oscillation laser light power and laser wavelength 
for situations in which the temperature of the element is 
made constant and the injection current injected into 
this element is varied, and they have confirmed those 
conditions. This is shown in Figure 10. 
[001 5] In the figure, curve I shows the condition of the 
variation in light power which accompanies variation in 
the injection current, and curve R shows the condition of 
the variation of wavelength which accompanies varia- 
tion in the injection current. 

[001 6] For this semiconductor laser-emitting element, 
when the injection current exceeds the threshold value 
A, the light power (curve I) appears, and light of a spe- 
cific wavelength (curve R) begins to oscillate. Next, as 
the injection current increases, light power increases 
and wavelength also progresses to successively larger 
specific wavelength light. Next, when the injection cur- 
rent exceeds point B, the light power ceases to vary and 
reaches a saturation condition (curve I). However, the 
oscillation wavelength continues to progress in the 
direction of even larger specific wavelengths (curve R). 
Furthermore, when the injection current increases fur- 
ther and point C is exceeded, in addition to there being 
no variation (curve I) in light power, the variation in the 
wavelength transition is extremely small (curve R). 
[0017] It is possible to distinguish the following types 
of phenomenon regions due to the differences in phe- 
nomena produced based on these transition points A, B 
and C. 



Region A - B: Power Variation Wavelength Variation 
(PVWV) 

[0018] In this region, the variation in the oscillation 
5 light power and the variation in the wavelength transition 
of the laser light within the current range which corre- 
sponds to the absorption line width are approximately 
the same linearly. 

10 Region B - C: Power Saturation Wavelength Variation 
(PSWV) 

[001 9] The feature of this region is that the variation in 
light power with respect to variation in injection current 
75 is zero or minimal, while the variation in wavelength 
transition with respect to the variation in injection cur- 
rent is at its greatest. 

Region C - : Power Saturation Wavelength Saturation 
20 (PSWS) 

[0020] In this region, even when the injection current 
is increased, the variation in light power is zero or 
increases are absent, and variation in the wavelength 
25 transition is also saturated and minimal. 

[0021] Nevertheless, in Figure 10 which models the 
variation in wavelength transition and the variation in 
light power with respect to the variation in injection cur- 
rent, the variations in light power and oscillation wave- 
30 length associated with the variation in injection current 
in the PVWV region (Region A - B) are such that they 
are approximately the same linearly as mentioned 
above. Therefore, circumstances are such that it is pref- 
erable for spectrometry analysis to be conducted within 
35 the region of this injection current value. In addition, at 
present, current values at which it is not possible for the 
variation in light power and oscillation wavelength men- 
tioned above to resemble each other linearly, in other 
words, regions at which current values are greater than 
40 point B, are considered to be of no particular interest 
and they do not receive attention. 
[0022] However, when conventional spectrographic 
analysis is carried out using the PVWV region (Region 
A - B), the following major problems 1 and 2 occur. 

45 

1 . Generation of RAM Noise (Residual Amplitude Mod- 
ulation Noise) 

[0023] In more detail, when the modulation amplitude 
50 "a" is increased during the frequency modulation, fluctu- 
ation of the signal and the offset value increase. This 
will be explained in more detail based on results of 
tests. 

[0024] Using a distributed feed-back (DFB) laser emit- 
55 ting element of 1.39 [um band as the semiconductor 
laser emitter element, light was emitted by conducting 
direct frequency modulation by superimposing a sine 
wave (the alternating current component) of 4 kHz onto 
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the injection current (direct current component). 
[0025] This light was projected into a sample cell hav- 
ing a light path length of 50 cm into which high purity 
nitrogen gas had been introduced at a pressure of 70 
Torr. the light which passed through this cell was 
received by a light detector conprising a Ge photodi- 
ode, the output thereof was input into a lock-in-amp and 
the 2f component of the modulation frequency (the dou- 
ble component) was extracted, and the variation of the 
output (V) of the signal of this 2f component was meas- 
ured by varying the injection current to the laser-emit- 
ting element, in the following way. 
[0026] Scanning the injection current (direct current 
component) to the laser element at intervals of 0.2 mA 
from 75 to 85 mA. and varying the amplitude (from peak 
to peak) of the alternating current component of the 
injection current to 2, 3, 4, 5. and 7 mA respectively. 
[0027] As a result, when the modulation amplitude (of 
the alternating current component of the injection cur- 
rent) is increased to 2. 3, 4, 5, and 7 mA as shown in the 
graph in Figure 11, the output increases. This shows 
that the offset value increases, and in addition it can be 
seen that the fluctuation in the signal of the respective 
output curves also increases along with increases in the 
modulation amplitude. 

[0028] Rgure 1 2 is a graph showing the average value 
of the output signal of the offset value (V) which accom- 
panies the variation in the modulation amplitude (mA) 
prepared based on Figure 11. Figure 13 is a graph 
showing the variation in the standard deviation, in other 
words, the value of the RAM noise (V), of the output sig- 
nal which accompanies the variation in the injection cur- 
rent for each of the modulation amplitudes (mA) in 
Figure 1 1 . 

[0029] From the above, it was confirmed that with 
laser light of the injection current region of the PVWV 
region (Region A ~ B) which is used conventionally, 
when the modulation amplitude is increased greatly in 
order to increase sensitivity, the offset value and the 
RAM noise are increased. 
[0030] And: 

2. Impossibility of Measuring Minute Absorption Signals 

[0031] In more detail, when measuring minute absorp- 
tion signals, it is necessary to increase the sensitivity of 
the measuring device. However, when RAM noise and 
output off -set due to frequency modulation are present, 
sensitivity is limited by this noise, and it is not possible 
to inaease the measurement sensitivity of the device. 
In other words, to increasing the sensitivity, it is neces- 
sary to increase the amplitude of the frequency modula- 
tion, but when this is increased, the off -set as shown in 
Figure 12 increases and the RAM noise as shown in 
Figure 13 increases. For this reason, with this type of 
conventionally used spectrographic analysis method, it 
is not possible to extract variations of minute absorption 
signals. 



[0032] Therefore, in order to solve the problems and 
difficulties of this type of conventional method for spec- 
trographic analysis of impurities in gases, the present 
invention has as an object the suppression to a mini- 

5 mum of the increase in off-set and of RAM noise (effects 
of noise due to variation in light power) generated dur- 
ing frequency modulation. In order to achieve this 
object, various methods for frequency modulation were 
devised and studied. Then, attention was drawn to the 

10 fact that the cause of the increases in offset signal and 
increases in RAM noise accompanying increases in 
modulation amplification lay in the variation of the oscil- 
lation light power. As a result, the present invention was 
made which provides a spectrographic analysis method 

/5 in which semiconductor laser light is caused to oscil- 
lated in an injection current region at which modulation 
of oscillation light power is small, and by using this laser 
light, it is possible to measure trace amounts of impuri- 
ties contained in gases with high sensitivity and high 

20 accuracy. 

Summary of the Invention 

[0033] In order to solve the above-mentioned prob- 

25 I ems and to achieve the objects of the present invention, 
the invention of claim 1 is a method for spectrographic 
analysis of impurities in gases by measuring the 
absorption signal strength using frequency modulated 
semiconductor laser light comprising setting as a lower 

30 limit current value a current value at which saturation of 
variation in the laser oscillation light power with respect 
to the injection current for a semiconductor laser begins, 
and setting as an upper limit current value a current 
value at which variation in the wavelength transition with 

35 respect to the injection current initially becomes mini- 
mal, and conducting spectrographic analysis using 
laser light emitted in a region of injection current values 
between these two values. The invention of claim 2 is a 
method for spectrographic analysis of impurities in gas 

40 according to claim 1, wherein the center of the current 
region of the injection current values is made the center 
point of the current region in which the variation in the 
increase of the laser oscillation light power with respect 
to the increase in injection current to the semiconductor 

45 laser-emitting element is zero or becomes minimal. In 
addition, the invention of claim 3 is a method for spec- 
trographic analysis of impurities in gas according to 
claims 1 or 2 comprising maintaining the temperature of 
the semiconductor laser-emitting element constant, 

50 adjusting the region of the injection current, synchroniz- 
ing the oscillation wavelength of the laser light, the cen- 
tral wavelength of absorption of the laser light, and the 
center of the injection current region, and measuring the 
absorption signal strength using semiconductor laser 

55 light. 



4 



<EP ■097702eA1 I > 



7 



EP 0 977 028 A1 



8 



Brief Description of the Drawings 
[0034] 

Figure 1 shows graphs of the variation in light s 
power and the variation in wavelength transition 
which accompany variation in the injection current 
of the semiconductor laser-emitting element (M1) of 
a first embodiment using the analysis method of the 
present invention; Figure 1 A shows variation In light io 
power, and Figure IB shows variation in wave- 
length transition. 

Figure 2 shows graphs of the variation in RAM 
noise and variation In offset generated along with 
the variation in amplitude of the frequency modula- is 
tion which occurs within the range of the injection 
current of the PSWV region of the semiconductor 
laser-emitting element (M1) of a first embodiment 
using the analysis method o1 the present invention; 
Figure 2A shows variation in offset, and Figure 2B 20 
shows variation RAM noise. 

Figure 3 shows graphs of the variation in light 
power and the variation in wavelength transition 
which accompany variation in the injection current 
of the semiconductor laser-emitting element (M2) of 25 
a second embodiment using the analysis method of 
the present Invention; Figure 3 A shows variation in 
light power, and Figure 3B shows variation In wave- 
length transition. 

Figure 4 shows graphs of show the variation in 30 
RAM noise and variation in offset generated along 
with the variation in amplitude of the frequency 
modulation which occurs within the range of the 
injection current of the PSWV region of the semi- 
conductor laser-emitting element (M2) of a second 35 
embodiment using the analysis method of the 
present Invention; Figure 4 A shows variation In off- 
set, and Figure 4B shows vanaton RAM noise. 
Figure 5 shows graphs of the variation in light 
power and the variation in wavelength transition 40 
which accompany variation in the injection current 
of the semiconductor laser-emitting element (M3) of 
a third embodiment using the analysis method of 
the present invention; Figure 5 A shows variation In 
light power, and Figure 5B shows variation In wave- 45 
length transition. 

Figure 6 shows graphs of the variation In RAM 
noise and variation in offset generated along with 
the variation in amplitude of the frequency modula- 
tion which occurs within the range of the injection so 
current of the PSWV region of the semiconductor 
laser-emitting element (MS) of a third embodiment 
using the analysis method of the present Invention; 
Figure 6A shows variation in offset, and Figure 6B 
shows variation RAM noise. ss 
Figure 7 Is a graph of a secondary differential 
absorption spectrum in which nitrogen gas contain- 
ing 5 ppm of water is spectrographlcally analyzed 



using an analysis method of the present invention. 
Figure 8 is a graph of a secondary differential 
absorption spectrum in which nitrogen gas contain- 
ing 5 ppm of water is spectrographlcally analyzed 
using an analysis method of conventional technol- 
ogy as a comparative embodiment. 
Figure 9 is a line diagram of a semiconductor laser 
spectrographic analysis device. 
Figure 10 Is a diagram which models the variation 
in laser light power and the variation in wavelength 
transition which accompany the variation in the 
Increase of injection current to the semiconductor 
laser-emitting element. 

Figure 1 1 is a graph showing the condition of the 
offset output signal which accompanies the varia- 
tion of the modulation amplification when frequency 
modulation is conducted In the injection current 
region used conventionally. 

Figure 12 Is a graph showing the output signal of 
the offset which accompanies the variation of the 
modulation amplification when frequency modula- 
tion is conducted In the Injection current region 
used conventionally, based on Figure 1 1 . 
Rgure 13 Is a graph showing variation in the RAM 
noise which accompanies variation of the modula- 
tion amplitude when the frequency modulation is 
conducted in the injection current region used con- 
ventionally based on Figure 11. 

Description of the Preferred Embodiments 

[0035] The method of spectrographic analysis of 
impurities In a gas of the present Invention Is an analy- 
sis method in which the absorption signal strength is 
measured using the semiconductor laser spectro- 
graphic analysis device shown in the above-mentioned 
Figure 9. Laser light Is made to oscillate by injecting cur- 
rent into the semiconductor laser-emitting element 
(emitting element) by means of laser driver 19. Then, in 
the present invention, the wavelength region of the 
oscillation light used in this spectrographic analysis cor- 
responds to the Injection current region In which the cur- 
rent value at which saturation of the variation in 
oscillation power of the laser light, for which the Injection 
current to the semiconductor laser- emitting element 
increases along with increases in the Injection current, 
begins forms the lower limit current value, and the cur- 
rent value at which variation In the wavelength transition 
accompanying increases in the injection current initially 
becomes its smallest forms the upper limit current 
value. In other words, laser light of a wavelength emitted 
in the injection current region is laser light of a wave- 
length made to oscillate in the PSWV region (current 
value region B - C) In the model of the semiconductor 
laser-emitting properties shown in Figure 10. The 
present invention is a method for spectrographic analy- 
sis In which this is used. In addition, due to this, even If 
the amplification of the frequency modulation Is 
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increased, the value of the offset value is kept low, sig- 
nal variation is suppressed to a very small amount, 
RAM noise is reduced to such an extent that it can be 
ignored, sensitivity is increased, and it is possible to 
carry out analysis of trace amounts of impurities with 
high accuracy. 

[0036] In addition, the center of the current region of 
the above-mentioned injection current values is set to 
be the current value at which the variation of the 
increase in laser oscillation light power with respect to 
increases in the injection current of the semiconductor 
laser-emitting element is zero or at a minimum. 
Thereby, the spectrum used In the measurement can be 
practically used with high sensitivity and high absorp- 
tion efficiency without waste. In addition, in order to 
effectively use these with high accuracy as an actual 
analysis method and an actual device, the present 
invention is a method in which spectrographic analysis 
is conducted by maintaining the semiconductor laser- 
emitting element 11 at a constant temperature and 
adjusting the injection current region; synchronizing the 
oscillation wavelength of the laser, the center wave- 
length of the absorption of the laser, and the center of 
the injection current region; and measuring the absorp- 
tion signal strength using the semiconductor laser light. 

Embodiment 

[0037] In order to clearly explain the features of the 
present invention, in the following, three types of semi- 
conductor laser were used. For each of these semicon- 
ductor lasers, the variation in the oscillation wavelength 
transition (nm) and the variation in the oscillation light 
power (mW) with respect to the variation in the injection 
current (mA) were measured; the PSWV region (current 
region B - C) of the present Invention, the lower limit 
current value, the upper limit current value and the 
center value were specified; and variation in the offset 
(V) and RAM noise (V) due to variation in the modula- 
tion amplitude (mA) of the frequency modulation of this 
range were confirmed. 

Embodiment 1 

[0038] As the emitting element (M 1 ) for the test semi- 
conductor laser, an InGaAsP DFB (distribution feed- 
back) semiconductor laser with which oscillation of laser 
light having a wavelength of 1369 to 1373 nm is possi- 
ble was used. The laser element was maintained at 
each of three temperatures of 15° C. 25° C, and 35° C. 
At each temperature, the injection current (mA) was var- 
ied, and (Figure 1A) the variation in oscillation light 
power (mW) and (Figure 18) the variation in oscillation 
wavelength transition (nm) which accompanied this var- 
iation of the injection current were measured. The 
results are shown by the graphs in Hgure 1 . 
[0039] As Is clear from the graph in Figure 1 A, due to 
an Increase In the Injection current (mA), the light power 



increases proportionally, but in the approximate vicinity 
of ICQ mA (corresponding to point B in Figure 1 A), the 
variation reaches a condition of saturation. On the other 
hand, as shown by the graph in Figure 1 B. as the injec- 

5 tion current (mA) increases, the oscillation wavelength 
transition varies along with it up to 170 mA (correspond- 
ing to point C in Figure IB), however, with increases in 
the injection current (mA) beyond this, the variation in 
the wavelength transition stops or remains in an 

JO extremely small range. 

[0040] From these results, the lower limit current value 
for the injection current is set at approximately 100 mA 
and the upper limit current value for the injection current 
is set at approximately 1 70 mA establishing the PSWV 

15 region (region B ~ C) for the semiconductor laser-emit- 
ting element (Ml) of the present embodiment. It Is pref- 
erable for the semiconductor laser-emitting element 
(Ml) to oscillate in this injection current region. In addi- 
tion, the center of this region Is approximately 138 mA 

20 (15° C). approximately 135 mA (25° C), and approxi- 
mately 133 mA (35° C). 

[0041 ] In order to confirm this, in this injection current 
region, the modulation amplitude of the frequency mod- 
ulation was varied to 2 ~ 7 mA, and test results for the 

25 state of generation of RAM noise (V) and the state of 
variation of offset (V) due to this variation are shown in 
Figures 2 A and 28. Figure 2A shows a graph of the con- 
dition of the variation of offset (V) and Figure 2B shows 
a graph of the condition of generation of RAM noise (V). 

30 [0042] As is clear from the graphs of Figure 2A and 
Figure 2B, in this injection current region of approxi- 
mately 100 to 170 mA, even if the modulation amplitude 
increases, offset does not increase and. furthermore. It 
is clear that it is extremely small compared with the off- 

35 set value for the conventional method shown in Figure 
12. In addition, the generation of RAM noise was also 
extremely small according to this measurement, and it 
is clear that there was no obstruction of the measure- 
ment of variations in minute absorption spectra. 

40 [0043] Consequently, oscillation of the above-men- 
tioned laser-emitting element (Ml) at an Injection cur- 
rent of approximately 100 to 170 mA of the PSWV 
region (the injection current region B - C) at the above- 
mentioned temperatures of 15° C, 25° C, and 35** C; 

45 and oscillation of the obtained signal having a wave- 
length of 1369.5 - 1372.5 nm, in the graph of Figure 1B 
which corresponds to this, using a frequency modula- 
tion method is effectively useful in measuring an 
absorption spectrum signal for minute quantities of gas 

so with high sensitivity and with high precision. 

Embodiment 2 

[0044] As the emitting element (M2) for the test semi- 
55 conductor laser, an InGaAsP DFB (distribution feed- 
back) semiconductor laser with which oscillation of laser 
light having a wavelength of 1393 to 1397 nm is possi- 
ble was used. The laser element was maintained at 
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each of three temperatures of 15° C. 25° C, and 35° C. 
At each temperature, the injection current (mA) was var- 
ied, and (Figure 3A) the variation in oscillation light 
power(mW) and (Figure SB) the variation in oscillation 
wavelength transition (nm) which accompanied this var- 
iation of the injection current were measured. The 
results are shown by the graphs in Figure 3. 
[0045] As is clear from the graph in Figure 3A, due to 
an increase in the injection current (mA), the light power 
increases proportionally, but in the approximate vicinity 
of 1 10 mA (corresponding to point B in Figure 3A), the 
variation reaches a condition of saturation. On the other 
hand, as shown by the graph in Figure 3B, as the Injec- 
tion current (mA) increases, the oscillation wavelength 
transition varies along with it up to 1 70 mA (correspond- 
ing to point C in Figure 38), however, with increases in 
the injection current (mA) beyond this, the variation in 
the wavelength transition stops or remains in an 
extremely small range. 

[0046] From these results, the lower limit current value 
for the injection current is set at approximately 1 1 0 mA 
and the upper limit current value for the injection current 
is set at approximately 175 mA establishing the PSWV 
region (region B - C) for the semiconductor laser-emit- 
ting element (M2) of the present embodiment. It Is pref- 
erable for the semiconductor laser-emitting element 
(M2) to oscillate in this injection current region. In addi- 
tion, the center of this region is approximately 153 mA 
(15** C), approximately 155 mA (25° C), and approxi- 
mately 145 mA (35° C). 

[0047] In order to confirm this, in this injection current 
region, the modulation amplitude of the frequency mod- 
ulation was varied to 2 ~ 7 mA, and test results for the 
state of generation of RAM noise (V) and the state of 
variation of offset (V) due to this variation are shown In 
Figures 4A and 48, Figure 4A shows a graph of the con- 
dition of the variation of offset (V) and Figure 48 shows 
a graph of the condition of generation of RAM noise (V). 
[0048] As is clear from the graphs of Rgure 4A and 
Figure 48, in this Injection current region of approxi- 
mately 1 1 0 to 1 75 mA, even if the modulation amplitude 
increases, offset does not increase and, furthermore, it 
is clear that it is extremely small compared with the off- 
set value for the conventional method shown in Figure 
12. In addition, the generation of RAM noise was also 
extremely small according to this measurement, and it 
is clear that there was no obstruction of the measure- 
ment of variations in minute absorption spectra, 
[0049] Consequently, oscillation of the above-men- 
tioned laser-emitting element (M2) at an injection cur- 
rent of approximately 110 to 175 mA of the PSWV 
region (the injection current region 8 - C) at the above- 
mentioned temperatures of 15° C. 25° C, and 35° C; 
and oscillation of the obtained signal having a wave- 
length of 1395 - 1397 nm. In the graph of Figure 38 
which corresponds to this, using a frequency modula- 
tion method is effectively useful in measuring an 
absorption spectrum signal for minute quantities of gas 



with high sensitivity and high precision. 
Embodiment 3 

5 [0050] As the emitting element (M3) for the test semi- 
conductor laser, an InGaAsP DFB (distribution feed- 
back) semiconductor laser with which oscillation of laser 
light having a wavelength of 1 369 to 1 374nm Is possible 
was used. The laser element was maintained at each of 

10 three temperatures of 15** C, 25° C. and 35° C. At each 
temperature, the injection current (mA) was varied, and 
(Figure 5A) the variation in oscillation light power (m\AO 
and (Figure 58) the variation in oscillation wavelength 
transition (nm) which accompanied this variation of the 

75 Injection current were measured. The results are shown 
by the graphs In Figure 5. 

[0051] As is clear from the graph in Figure 5A, due to 
an increase in the Injection current (mA), the light power 
increases proportionally, but in the approximate vicinity 

20 of 75 mA (corresponding to point B in Rgure 5 A), the 
variation reaches a condition of saturation. On the other 
hand, as shown by the graph in Figure 5B, as the injec- 
tion current (mA) increases, the oscillation wavelength 
transition varies along with it up to 170 mA (correspond- 

25 ing to point C in Figure 5B), however, with increases in 
the injection current (mA) beyond this, the variation In 
the wavelength transition stops or remains In an 
extremely small range. 

[0052] From these results, the lower limit current value 

30 for the Injection current is set at approximately 75 mA 
and the upper limit current value for the injection current 
is set at approximately 170 mA establishing the PSWV 
region (region B - C) for the semiconductor laser-emit- 
ting element (M3) of the present embodiment. It is pref- 

35 erable for the semiconductor laser-emitting element 
(M3) to oscillate In this Injection current region. In addi- 
tion, the center of this region is approximately 1 20 mA 
(15° C), approximately 105 mA (25° C), and approxi- 
mately 110 mA(35° C). 

40 [0053] In order to confirm this, In this injection current 
region, the modulation amplitude of the frequency mod- 
ulation was varied to 2 ~ 7 mA, and test results for the 
state of generation of RAM noise (V) and the state of 
variation of offset (V) due to this variation are shown in 

45 Figures 6A and 6B. Figure 6A shows a graph of the con- 
dition of the variation of offset (V) and Figure 6B shows 
a graph of the condition of generation of RAM noise (V). 
[0054] As is clear from the graphs of Figure 6A and 
Figure 6B. In this injection current region of approxi- 

50 mately 75 to 170 mA, even If the modulation amplitude 
Increases, offset does not increase and. furthermore, it 
is clear that it Is extremely small compared with the off- 
set value for the conventional method shown in Figure 
12. In addition, the generation of RAM noise was also 

55 extremely small according to this measurement, and it 
is clear that there was no obstruction of the measure- 
ment of variations in minute absorption spectra, 
[0055] Consequently, oscillation of the above-men- 
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tioned laser-emitting element (MS) at an injection cur- 
rent of approximalely 75 to 1 70 mA of the PSWV region 
(the injection current region B - C) at the above-men- 
tioned temperatures of 15° C, 25° C. and 35** C; and 
oscillation of the obtained signal having a wavelength of 
1370.5 - 1373.5 nm. In the graph of Figure 5B which 
corresponds to this, using a frequency modulation 
method is effectively useful in measuring an absorption 
spectral signal for minute quantities of gas with high 
sensitivity and high precision. 

Embodiment 4 

[0056] Next, an example in which actual spectro- 
graphic analysis is conducted using semiconductor 
laser light oscillated within the injection current region of 
the above-mentioned PSWV (injection current region B 
~ C) region of the present invention, this is explained as 
Embodiment 4. 

[0057] The absorption spectrum of a minute amount 
of moisture contained in nitrogen gas was measured 
using the semiconductor laser spectrographic analysis 
device shown in Figure 9 which was explained above. 
The conditions for this example were as follows. 
[0058] Used semiconductor laser-emitting element: 
The InGaAsP (distribution feedback) semiconductor 
laser-emitting element (M3) with which oscillation of the 
laser light having a wavelength of 1369 - 1374 nm was 
oscillated and which was tested in Embodiment 3 was 
used. 

[0059] Oscillation Method: direct frequency modula- 
tion was carried out by applying a 4 kHz sine wave to 
the laser injection current. 

[0060] Sample Cell: optical path of 50 cm with both 
ends of the cell being made into a window having a 
Brewster angle. 

[0061] Sample gas: Nitrogen gas containing 5 ppm of 
water vapor (H2O) was introduced into the sample cell 
at a pressure of 70 Torr and a flow rate of 400 SCCM. 
[0062] Photodetector: A Ge photodiode with pre-amp 
was used. 

[0063] Then, the 21 component of the modulation fre- 
quency of the output signal from the photodetection was 
taken using the lock-In amplifier and the secondary dif- 
ferential absorption spectrum was measured by taking. 
[0064] Under the above experimental conditions, the 
method of the present invention was conducted in which 
semiconductor laser light which was made to oscillated 
by an injection current region within the range of the 
PSWV region (current region B - C) was used and, for 
the purpose of comparison, the method of the compar- 
ative examples was conducted in which the semicon- 
ductor laser light was oscillated by an injection current 
of the PVWV region (the current region A - B) of Figure 
10 as is conventionally carried out. 



The Method of the Present Invention 

[0065] The temperature of the laser-emitting element 
(M3) was maintained at 15° C. An injection current 

5 (direct current) for the laser-emitting element was used 
within an injection current range of 115 mA ~ 125 mA 
(corresponding wavelength: approximately 1370.9 ~ 
1371.2 nm) with the central current value of the region 
therebetween being 120 mA at a temperature of 15** C, 

10 this range being within the range of current values of 75 
- 170 mA of the PSWV region (current region B C) of 
the laser-emitting element (M3) illustrated by the graphs 
in Figure 5. The injection current was driven at values 
varying by 0.1 mA within this range. 

15 [0066] In addition, the amplitude of the 4 kHz modula- 
tion frequency was set at 3 mA, and superimposed on 
the direct current. 

[0067] The secondary differential absorption spec- 
trum obtained as a result is shown in Figure 7, As is 
20 clear from this graph, it was possible to confirm that the 
offset value is extremely small at 0.07 (V) and the RAM 
noise is small enough to be ignored. In addition, the S/N 
ratio for these measurements is 75. 

25 The Method of the Comparative Example 

[0068] The temperature of the laser-emitting element 
(M3) was maintained at 25° C. An injection current 
(direct current) for the laser-emitting element was used 

30 within the range of 60 mA -70 mA (corresponding wave- 
length: approximately 1370.8 - 1371.0 nm) which is a 
range below the current value of 75 mA of the PVWV 
region (current region - B) of the laser-emitting element 
(M3) shown in the graphs of Figure 5. The injection cur- 

35 rent was driven at values varying by 0.1 mA. 

[0069] In addition, the amplitude of the 4 kHz modula- 
tion frequency was set at 3 mA as with the present 
invention mentioned above, and superimposed on the 
direct current. 

40 [0070] The secondary differential absorption spec- 
trum obtained as a result is shown in Figure 8. As is 
clear from this graph, the offset value is extremely large 
at approximately 1.8 (V) and the RAM noise is also 
large, and this confirms that measurement of small f luc- 

45 tuations would be difficult. In addition, the S/N ratio for 
these measurements is 1 8. 

[0071] Moreover, In Embodiment 4 above, as the 
impurity, steam (H2O) was used as an example to 
explain the spectrographic analysis thereof, however, 

50 the spectrographic analysis method of the present 
invention is not limited to this. Naturally, the spectro- 
graphic analysis method of the present Invention can be 
suitably used for analysis of any impurities if the sub- 
stances absorbs light within the wavelength range of 

55 semiconductor laser light, and the spectrographic anal- 
ysis uses semiconductor laser light. 
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Industrial Applicability 

[0072] The spectrographic analysis for impurities in 
gas of the present invention is carried out using the con- 
figuration explained above and obtains the following 
results. 

[0073] Since laser light is used for which the current 
injected into the light emitting element of the semicon- 
ductor laser light used in absorption spectrographic 
analysis is oscillated at a current value of the region (the 
PSWV region) in which the current value at which satu- 
ration of variation In the laser oscillation light power 
increase which accompanies increases in the injection 
current begins to stabilize is set as the lower limit cur- 
rent value, and the current value at which variation in 
the transition of oscillation wavelength which accompa- 
nies increases in the injection current initially becomes 
minimal is set as the upper limit current value, the offset 
output which accompanies the power increase variation 
due to the frequency modulation for the purpose of 
Increasing sensitivity can be reduced and standardized, 
and in addition, and the RAM noise and the offset of out- 
put can be suppressed to a minimum. As a result, the 
measurement sensitivity is increased, minute absorp- 
tion signals are possible, analysis of minute amounts 
lower than ppm with high accuracy is possible. 
[0074] Consequently, the spectrographic analysis 
method of the present invention is a method for analyz- 
ing minute amounts of impurities in gases, such as trace 
amounts of water within nitrogen gas, with high sensitiv- 
ity and high accuracy, and this has applications for use 
in the gas industry and the like. 

Claims 

1. A method for spectrographic analysis of impurities 
in gas by measuring absorption signal strength of 
using frequency-modulated semiconductor laser 
light comprising: 

setting a current value at which saturation of 
variation in laser oscillation light power with 
respect to injection current for a semiconductor 
laser begins as a lower limit current value, 
setting a cun-ent value at which variation in 
wavelength transition with respect to injection 
current initially becomes minimal as a upper 
limit current value, and 

using laser light which oscillates at an injection 
current region between said lower limit current 
value and said upper limit current value. 

2. A method for spectrographic analysis of impurities 
in gas according to claim 1 , wherein a center value 
of the current region of injection current values is a 
center point of said current region in which variation 
in the increase of said laser oscillation light power 
with respect to the increase in injection current to 



said semiconductor laser-emitting element is zero 
or becomes minimal. 

3. A method for spectrographic analysis of impurities 
5 in gas according to claims 1 or 2, comprising 

maintaining the temperature of said semicon- 
ductor laser-emitting element at a constant 
level, 

10 adjusting the region of the injection current, 

synchronizing the oscillation wavelength of the 
laser light, the central wavelength of absorp- 
tion, and the center of said injection current 
region, and measuring said absorption signal 

15 strength using the semiconductor laser light. 
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